Protein secretion upon TLR, TNFR1, and IFNGR ligation in the human airways is considered to be central for the orchestration of pulmonary inflammatory and immune responses. In this study, we compared the gene expression and protein secretion profiles in response to specific stimulation of all expressed TLRs and in further comparison to TNFR1 and IFNGR in primary human airway epithelial cells. In addition to 22 cytokines, we observed the receptor-induced regulation of 571 genes and 1,012 secreted proteins. Further analysis revealed high similarities between the transcriptional TLR sensor and TNFR1 effector responses. However, secretome to transcriptome comparisons showed a broad receptor stimulation-dependent release of proteins that were not transcriptionally regulated. Many of these proteins are annotated to exosomes with associations to, for example, antigen presentation and wound-healing, or were identified as secretable proteins related to immune responses. Thus, we show a hitherto unrecognized scope of receptor-induced responses in airway epithelium, involving several additional functions for the immune response, exosomal communication and tissue homeostasis.
INTRODUCTION
The interaction of airway epithelial cells (ECs) with pathogens and endogenous signals play an important role in many acute and chronic lung diseases such as pneumonia, bronchial asthma and chronic obstructive lung disease (COPD). Epithelial cells express pattern recognition receptors (PRRs), integrate information from many receptors simultaneously, and bridge the innate and adaptive immune system cells through the release of chemokines and cytokines. 1 Although accumulating evidence suggests more comprehensive responses, data of the complete landscape of transcriptional regulation and protein secretion of epithelial cells has not yet been collected so far. However, a better understanding of normal and altered epithelial functions is needed to provide new insights into the pathophysiology of airway diseases and to identify new epithelial-targeted therapies. 2 Recently, disease-related secretomes of the airway system were investigated using proteomic techniques, which revealed novel mechanisms and new therapeutic targets on a general biological systems level. 3, 4 We analyzed the receptor-specific sensor and effector functions of airway ECs induced by the recognition of microbial-associated molecular patterns (MAMP) of microorganisms and by cytokines respectively using RNA sequencing and LC-MS/MS based proteomics. Toll-like receptors (TLR) constitute one of the best studied families of PRRs that play a critical role in the host defence of the respiratory tract as they recognize invading pathogens, such as bacteria, viruses and fungi leading to cell activation and inflammation. 5, 6 The repertoire for detecting particular MAMPs by the innate immune system is expanded by the cooperation between different TLRs. 7 TLR2, for instance, associates with either TLR1 or TLR6 as heterodimer to facilitate recognition and induce signaling, and the activation of TLR4 by lipopolysaccharides (LPS) requires the presence of MD-2 and also CD14 and LBP for the recognition of the smooth type of LPS. 8, 9 However, no comprehensive data are available regarding the cellular activation responses of these different receptor complexes. Furthermore, the actual TLR expression pattern in primary human airway ECs are still uncertain as divergent results have been reported for various airway epithelial cell lines and primary cells. Also, a thus far undetermined unresponsiveness of bronchial epithelium to LPS, despite the expression of TLR4, has been reported. [10] [11] [12] [13] [14] The focus of research so far has been the downstream signaling cascades of TLRs described to consist of highly overlapping signaling cascades that initiate the transcription and release of certain effector molecules, mainly cytokines and chemokines, that are involved in the activation and recruitment of professional immune cells. 15, 16 However, TLRs have also been reported to be involved in the regulation of cell migration, wound repair and proliferation in order to restore tissue homeostasis. 17, 18 Accordingly, an initial analysis of the overall secretome of TLR4-stimulated murine macrophages revealed 4,976 secreted proteins, of which 775 were upregulated, and showed a transcriptionally decoupled release of lysosomal proteins. 19 These data suggest that TLR activation-dependent protein secretion includes many so far undescribed proteins taking part in the overall receptor response.
Airway ECs are also equipped with receptors to respond to cytokines. Thus, besides functioning as sensors of invading pathogens, airway ECs are also acting as effector cells of signals initiated by immune cells such as alveolar macrophages and lymphocytes. 20 In this study, we therefore also addressed the impact of tumor necrosis factor alpha (TNFa) and interferon gamma (IFNg) that can be released by immune cells and have been demonstrated to play significant roles in most infectious and inflammatory pulmonary diseases, including lower respiratory tract infections, pulmonary tuberculosis (PTB), chronic bronchitis (CB), chronic obstructive pulmonary disease (COPD), bronchial asthma, and in acute respiratory distress syndrome (ARDS). [21] [22] [23] TNFa is a cytokine primarily released by activated macrophages that, similarly to TLRs, induces signaling via the NF-kB pathway to regulate proinflammatory responses, cell proliferation, differentiation, as well as cell survival and death. In contrast, the effector cytokine IFNg is secreted predominantly by natural killer (NK) cells, natural killer T (NKT) cells and cytotoxic T lymphocytes (CTL) and acts, like intracellular TLRs, through interferon regulatory factors (IRF) to play a central role for innate and adaptive immunity against viral and intracellular infections and enhances cellular immune processes.
Here we provide a comprehensive investigation of the landscape concerning specific TLR-, TNFR1-, and IFNGRmediated protein secretion of the airway epithelium by combining mass spectrometry-based secretome analyses with RNA sequencing data. The results of our study attributes proteins to new regulatory mechanisms of secretion and functions and reveals their regulation upon differential receptor stimulations. Our findings have the potential to contribute to the development of new strategies to modulate mucosal immune responses in human airways.
RESULTS

Normal airway epithelial cell-specific receptor expression
We verified the presence of predominantly epithelial cells in our submerged primary cell cultures by flow cytometry analysis of markers expressed on epithelial cells (E-cadherin), club cells (CC10), 24 and fibroblasts (Vimentin) (Supplementary Figure S1e online). Furthermore, we characterized the expression of TLR 1-9, TNFR1/2 and IFNGR1/2 in our normal human bronchial epithelial cells (NHBE) at the transcript and protein level. The expression of TLR 1-6, TNFR1 and IFNGR1/2 was detectable by RT-PCR, whereas expression of TLR 7-9 and TNFR2 was not ( Figure 1a) . We further confirmed these results by re-analyzing our RNA sequencing data from subsequent experiments (Figure 1a, Supplementary Table 2) . While IFNGR1 and 2 are mandatory for signaling as IFNGR, only TNFR1 is needed for signaling after ligation with TNFa. Moreover, using qRT-PCR, we assessed the expression kinetic of the receptors across the different stimulations for the whole duration of the experiment. Besides an increase of TLR2 and TLR3 expression by Poly I:C after 16 h, we found no substantial changes in receptor expression (Supplementary Figure 2c) .
For protein level verification, we included a glycoproteome enrichment-based LC-MS/MS analysis of NHBE cell lysate. The analysis of the 5,281 identified proteins revealed 368 expressed receptors (GO: 0004872) and confirmed the expression of the TLRs 1-6, TNFR1 and IFNGR1/2 ( Figure 1a and Supplementary Table 2 ). In addition, the TLR4 co-stimulators MD-2 and CD14 were detected at transcriptional, as well as protein expression level.
We analyzed the cellular activation response induced by each receptor-specific ligand with regard to their protein secretion and gene expression profiles using mass spectrometry and RNA sequencing, as outlined in Figure 1b . None of the stimulations with the indicated concentrations of ligands affected cell viability or the morphological appearance of the NHBE cell layer (Supplementary Figure S1a-d) .
Highly similar gene expression induced by TLRs and TNFR1
The stimulation of TLR 1-6 is generally known to activate very similar intracellular signaling pathways that induce the expression of a confined set of similar genes involved in immune responses and inflammation. 25 In order for choosing the most relevant time point for the transcriptome analysis we performed a pilot study to investigate expression kinetics of immune relevant genes after PRR stimulation in NHBE cells. Six different cytokines (CXCL1, CXCL2, CXCL8, IL6, CCL20, and IL17C), that are known to be secreted and transcriptionally regulated by bronchial epithelium after TLR ligation, were analyzed at time points 2 h, 4 and 8 h post stimulation. We identified the overall highest transcriptional response after 4 h of stimulation (Supplementary Figure S2a) , in accordance with comprehensive transcriptome data from previously published studies with human airway epithelial cells 26 and murine macrophages. 19 RNA sequencing at 4 h post receptor stimulation revealed 11,781 expressed genes (RPKM41) of which 552 were significantly upregulated and 19 downregulated (FC42) (Figure 2a and Supplementary Table 2) . We observed a high overlap of regulated gene transcriptions induced by receptor-specific ligands for TLR1/2 (Pam 3 CSK 4 ), TLR2/6 (MALP-2), TLR3 (Poly I:C), TLR5 (Flagellin), but also with TNFR1 (TNFa), which contrasted with the transcriptional response of the IFNGR (IFNg) stimulation. These findings were underlined by the respective mean fold change distances of expressed genes induced by each receptor ligand (Figure 2b) . The distances of Poly I:C (TLR3) were less proximate to the other TLRs or TNFR1 agonists and closer to IFNGR (Figures  2a and b) . Noticeably, LPS stimulation of primary airway ECs did not induce any significant change in gene expression (Figure 2a) , which has also been observed in other studies. 11, 13, 27 The largest and rather similar response was induced by TLR2/6 and TLR1/2, with 377 and 218 regulated genes respectively (Figure 2a) , while the number of regulated genes for IFNGR was comparable, but with a very different profile.
The comparison of all differentially expressed genes from TLR ligand stimulations revealed a core set of 51 genes, that were equally regulated by all responding TLR stimulations, with further 21 genes solely not upregulated by the TLR3 ligand Poly I:C (Figure 2c ). Many genes of this core set are not only encoding for cytokines and chemokines (e.g. CCL5/20, CX3CL1, CXCL1/3/8, IL6, IL17C, IL23A, IL36G), but also for genes with signal regulatory functions (BIRC3, TNIP1, TNIP3, TNFSF15, IRAK2), innate immune functions (PTX3) or antigen presentation and leucocyte adhesion (CD83, OLR1). We identified eight specifically upregulated genes by the TLR1/ 2 ligand Pam 3 CSK 4 , with associations to inflammation and haemato-regulatory functions (e.g. DUSP1, CSF2, CXCL2). Notably, with MIR3648 and MIR663A, we also found two specific regulatory microRNAs. The TLR3 ligand Poly I:C specifically regulated the expression of eight genes that encoded for proteins with antiviral properties (e.g., IFIT1, IFIT2, IFIT3, ISG15, OASL), which was further confirmed by a subsequent function enrichment analysis (Supplementary Figure S3a) . Moreover, Poly I:C activated the expression of the IFNginducible cytokines CXCL9 and CXCL11.
Remarkably, TNFa induced the expression of 45 genes that belong to the TLR-ligand core set-not showing any discriminative gene expression on its own. This high degree of similarity is shown in Figure 2d . In contrast, the gene expression profile induced by IFNg comprised 62 exclusively regulated genes, with specific functional associations to the complement system (C1R, C1S, Serping1) and antigen presentation (HLA-E, TAP1, PSMB8/9). Further enrichment analyses of GO-annotated biological processes for the shared gene expression profiles revealed predominantly processes related to various inflammatory immune responses (Supplementary Figure S3a) . For the single ligand-specific regulated genes, we found functional enrichments for antiviral responses by Poly I:C and a type I interferon-associated response for the type II interferon (IFNg) used here.
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Divergent protein secretion patterns between receptor stimulations
We analyzed the secretomes 6 and 16 h post stimulation to cover a generally recognized response peak of protein secretion and an early time point. 19, 28 The observed differential up-and downregulated protein secretion pattern shown in Figure 3a allow a comparison with the largely overlapping transcriptional response induced by these ligands as shown in Figure 2a . Our analysis revealed 4,830 identified proteins over all cellular supernatants, of which a total of 1,012 proteins were differentially secreted in response to the individual receptor ligands ( Figure 3a and Supplementary Table 2 ). The hierarchical clustering showed specific patterns for each receptor stimulation and far less similarity of protein secretion compared to the results of the transcriptome responses ( Figure 2a) , with mean fold change distances from 2.7 to 4.9 ( Figure 3b) . We observed the highest number of differentially secreted proteins for Pam 3 CSK 4 and IFNg after 6h, caused also by a delayed and thus downregulated secretion of many proteins, which balanced after 16h. Therefore, and in accordance with other studies, we focused our further investigations on the 462 upregulated proteins. 19 With up to 134 proteins, Pam 3 CSK 4 and MALP-2 induced the highest, while LPS and Flagellin induced the lowest number of up to 58 differentially secreted proteins ( Figure 3a) . Besides a broad variety of receptor-specific proteins (Supplementary Table 2 ), we found that especially cytokines were commonly upregulated by two or more receptors (Supplementary Figure S4a,b) . We analyzed all differentially released proteins in response to each receptor stimulation for biological processes and molecular functions using GO annotation enrichment at both time points (Supplementary Figure S3b) . After 6 h of stimulation, we identified strong enrichments for GO terms related to cellular immune and defence mechanisms, such as inflammatory response for Pam 3 CSK 4 , response to molecules of bacterial origin for MALP-2 and Flagellin and leucocyte chemotaxis for Poly I:C. These enrichments were found to be predominantly associated with the secreted chemokines and cytokines. After 16 h, similar enrichments were found for the protein secretion profiles triggered by Flagellin, TNFa (leukocyte migration) and IFNg (lymphocyte chemotaxis), whereas Pam 3 CSK 4 , MALP-2 and Poly-I:C now revealed a more heterogeneous enrichment profile comprised of several metabolic processes or a ''viral life cycle'' association in the case of the TLR3 ligand Poly I:C. The response to LPS revealed a different profile, with ''integrinmediated adhesion'' and ''leucocyte migration'' as notable enrichments after 16 h, but no enrichments related to inflammation or immune responses.
Receptor-induced transcriptionally independent protein release
While the transcriptional profiling of receptor activation revealed highly overlapping responses, the secretome of stimulated cells demonstrated higher variability in response to the different ligands and low transcriptional control. In order to attribute the secretome of airway ECs to the cellular source, we performed a GO annotation based cellular compartment enrichment analysis for all secreted proteins, where we found that the six highest enrichments were for compartments of extracellular vesicles and exosomes ( Figure 3c ). Further analysis revealed that up to 90% of the proteins associated with ''extracellular region'' were also annotated to the much smaller sub-term ''extracellular exosomes'' ( Figure 3d ). These proportions were principally valid for each investigated receptor stimulation, as shown by the similar ranges of cellular component associations for all analyzed secretomes ( Figure 3d ). Our findings were further supported by the ubiquitous presence of most of the top 25 exosomal marker proteins listed in ExoCarta -in addition to Muc1, Muc4, Muc16, as specifically described exosomal markers of human primary ECs in the secretomes (Supplementary Figure  S5) . 29, 30 For the receptor-specific analyses, we adopted the general secretome assignment scheme from ( Figure 3d )in order to illustrate the cellular source, amount and transcriptional correlation of secreted proteins for each receptor ligand and time point (Figure 3e) . The results confirm a large association to exosomes for each receptorligand-induced protein secretion. A high transcriptional overlap is observable for solely extracellular annotated proteins, with cytokines as the most prominent group of this fraction. Exosomal and other proteins were generally found far less likely to be transcriptionally regulated. This was especially noticeable for the transcriptionally independent secretion of proteins induced by LPS. The quantification of the exosome marker CD9 by ELISA confirmed the broad presence of around 10 ng ml À 1 exosomes in the secretomes of NHBE cells with no significant differences between stimulations (Supplementary Figure S5b) .
Cytokines as dominant group for transcriptionally regulated protein secretions
A correlation analysis of receptor ligand-induced transcriptomes and secretomes showed a small amount of direct correlations at both time points (Figure 4 and Supplementary Poly I:C 3. (black dots, Figure 4 ). Gene expression analysis of six selected proteins that demonstrated differentially secretion in response to at least two TLR agonist stimulations also showed no transcriptional regulation at 2 h, 4 h or 8 h of stimulation as depicted by qPCR (Supplementary Figure S2b) . For the TLR2 ligands Pam 3 CSK 4 and MALP-2 most correlations were found after 6 h, while for Flagellin, TNFa and IFNg most regulated correlations were found after 16 h of stimulation ( Figure 4) . The most predominant group of transcriptionally controlled secretion of proteins were cytokines, with 15 significant correlations. We confirmed the results for six of these cytokines, i.e. CXCL5, CXCL1, IL6, LIF, CCL2, CCL20 by ELISA, verifying that the results of our MS analysis were representative and the sensitivity was in the range of 100 picogram or more (Supplementary Figure S4b) . Several cytokines, such as CXCL8 and IL17C, were equally secreted by most receptor stimulations, indicating the induction of a comprehensive and comparable inflammatory response. The most similar cytokine secretion profiles were induced by Pam 3 CSK 4 , MALP-2, Flagellin, and also TNFa, which is in accordance with our transcriptome results (Supplementary Figure S4a) . In contrast to the gene expression response, only for Flagellin 16 h after stimulation, we were able to detect a low secretion of TNFa itself, which therefore cannot explain the observed similarities ( Figure 5b, Supplementary Figure S4b) . Also others, such as Fractalkine, showed a more specific profile, associated with Flagellin, TNFa and IFNg, or were found to be secreted solely in response to one receptor stimulation, such as IL19 by Flagellin ( Figures 4 and 5b and Supplementary Figure  S4b) . These results show that the stimulation of TNFR1 provokes a very similar sensor-receptor-induced cytokine release and is therefore able to induce an equalized local inflammatory response, independent of a preceding direct pathogen exposure of each cell. The IFNg-induced cytokine secretion profile was again different from the other receptors, with notably specific secretions of CCL2 and CXCL10.
Different biological functions for different modes of protein secretion
For further analysis of secreted proteins, we differentiated all upregulated secreted proteins on the basis of their characteristics as being transcriptionally regulated, annotated to exosomes, or independent of both but were predicted to be secreted ( Figure 5 ). The remaining proteins are listed in (Supplementary Figure S6) . We analyzed whether the proteins possess a predictable signal peptide for a classical secretion TMPRSS2  PLAT  ICAM1  C1R  SERPING1  ATP1B1  RARRES1  STEAP4  SERPINA3  SERPINA1  PLAUR   NFKB1  CACHD1  CLIP2  STAT2  AMPD3   CXCL8  CXCL2  CCL20  CXCL1  CXCL3  CXCL5  LIF  MMP13  TNF  IL17C  PTX3  MMP12  IFI30  CX3CL1  CXCL10  HAPLN3  IL19  IL1B  N4BP1  IL6 Proteins   ST6GALNAC1  NDST1  ENPP3  GDPD5  CASC4  ATF6B  NOTCH2  NFKBIL1  CCSER1  SNAP91  SGCE  ZNF438  GFAP  ETHE1  NOTCH3  EHBP1  SLITRK6  UBE2G2  DPCD  MALT1  PTPRU  P06309  PLD3  MGAT2  TIMELESS  PPCDC  TIMM13  OAT  GRPEL1  NUDT11  HAUS1  C19orf21  GAPVD1  EIF2B4  SHPK  HSD17B4  ASAP2  OVCA2  MAGI3  ZNF74  CDCA5  SYT9  CD151  NIPSNAP3A  SRY  FOCAD  CACNA1A  INIP  CHURC1  SPI1  RHCE  NTM  C17orf59  MRPL47  PDGFB  CNST  CCL2  CXCL14  UBL7  IFNγ  HABP2  PAM16  CENPK  PRKDC  LNPEP  PLXNA3  C10orf54  AK3  CTSO  TSLP  CARD8  PGLYRP3  MUC20  KIAA1755  CRELD1  FAM53A  NRXN2  B7Z235  FGFR1  FAM212B  SNRPG  SLC13A5  SDF2  BTG3  ADRM1  ASPSCR1  PSCA  RPL18A  LZTFL1  TSC22D2  NECAP2  SDF2L1  FZD6  EPHA1  C12orf49  CTSS  LAS2  CPSF3  SNX27  TSSC4  CFDP1  BRE  FAM98B  LRAT  TSC22D4  TBCD  RUFY1  ANO2  ADCY3  CIAO1  LRPAP1  TIMMDC1  ARFGAP2  NDUFB5  PRPSAP2  ATF6  RNF181  VILL  CRLF3  FAT3  QSOX2  PRPF8  CD8B  SNAPIN  REPS2  SIRT2  PCDHAC2  PUM1  LILRA3  MPLKIP  GPR125  SRPX  MFAP2  GBA3  TCERG1L  VAPA  ABLIM1  STIM1  TXNL4A  BMP2  SMG7  KCT2  SLC16A3  SYNE1  6h  16h   4h   mRNA correlaƟon   Exosome annotaƟon   Predicted to be secreted   6h  16h   KLK14  MYOF  ANG  PDGFC  ACP5  GALNT3  SNX18  C1S  LMAN1  PTPRG  TOM1L1  GALC  CD63  RYR2  CDK1  RALB  GMPPA  GCNT3  PTPN6  ETFB  CDK5RAP2  IL6ST  PSG4  CEACAM1  GALNS  SH3BGRL2  PRNP  PCLO  SPG11  SIRPB1  SPON2  DPP7  PODXL  MAN2B2  KALRN  PTGR2  LUM  NAGLU  DCXR  RPL14  RPL4  AKR7A2  CDC42  RAB3GAP1  SCRN2  ECHDC1  HRSP12  C9orf142  ATP1A1  MFGE8  DNAJC13  GEMIN4  SSBP1  NEDD4  PRKCD  LRRC16A  LPL  SLC16A1  DUT  ITGAV  GPR155  C16orf80  TTR  MOCS2  APOC3  PKD1  DHX36  SPTBN5  GBA  CPD  CLSTN3  TMPRSS11D  MMP7  SLC9A3R2  CRYL1  SHMT1  GNG12  MEGF8  GNAQ  SLC22A6  MYO1B  ABP1  MNDA  OLFM4  DUSP23  HRNR  EXTL2  MMP9  LRRC57 The hierarchical clustering shows all secreted proteins with a correlation to mRNA expression, an annotation to exosomes or a prediction to be secreted. The clustering is based on fold changes compared to unstimulated control with a FCZ2 and a P-valueo0.05 as minimum criteria for significance. (c) Enrichments of ''biological processes'' were analyzed using GO enrichment for each indicated group. Representative categories were selected from those that were significantly enriched (P-valueo0.05, minimum protein count ofZ4). Shown are the P-value for enrichment, the number of proteins accounting for each functional annotation term (Count) and the expected count in case of no enrichment (ExpCount). See also (Supplementary Table 3 online) . mechanism using the algorithms of SignalP, Phobius, SPOCTOPUS and MDSEC. [31] [32] [33] [34] For non-classical secretion mechanisms we used SecretomeP, and for putative shedding or exosomal membrane association the GO annotation to plasma membrane (Figure 5a, Supplementary Figure S6) . 35 For most of the transcriptionally regulated proteins and also for the majority of proteins annotated to exosomes, we observed them to be very likely secreted by at least one of the secretion mechanisms considered (Figure 5a ). For the remaining 332 proteins with no transcriptional regulation or exosomal annotation, we were able to identify 144 proteins (43.4%) with a positive prediction to be secreted (Figures 5a and b,  Supplementary Figure S6 ). For proteins with a transcriptional correlation and also a positive prediction to be secreted, we observed generally higher fold changes (Figure 5b) .
We analyzed each group for characteristic proteins and enrichments of GO annotated biological processes. Secreted proteins with a corresponding transcriptional regulation did show enrichments for inflammatory and defence responses as well as cell adhesion and migration (Figure 5c ). Here we found 15 of all 22 secreted cytokines described in this study, confirming the transcriptionally highly regulated process of cytokine secretion. Additionally, this group contains several cytokines that were previously not associated to TLR stimulations such as IL19, LIF and CSF3. Our data verify recent results regarding IL-17C as being upregulated in response to TLR3, TLR5, and TNFR1 stimulation, in contrast to IL-17A and F that are not expressed in epithelium. 36 In our study, this was additionally found for the stimulation of TLR2/6 by MALP-2. Receptor ligand-specific secreted proteins were the pentraxin PTX3 (Poly I:C and TNFa, 16 h) and the two matrix metalloproteases MMP12 (TNFa, 6 and 16 h) and MMP13 (Pam 3 CSK 4 , 6 h). Moreover, we identified the release of the intercellular adhesion molecule ICAM1 as a transcriptionally regulated and exosome-annotated protein in response to all receptor stimulations, except for TLR4 (Figure 5c ). Other notable transcriptionally regulated and secreted proteins were the tissue protective Alpha 1-antitrypsin (SERPINA1) for several stimulations (Pam 3 CSK 4 , MALP-2, Flagellin, TNFa, 6 and 16 h) and the immunomodulatory metalloreductase STEAP4 after TLR5 and IFNGR stimulation, which we also found in a previous monocytes study. 37 The group of exosomal annotated proteins comprised several proteins related to wound healing, such as the broad and transcriptionally independently released CEA-CAM1, a cell adhesion molecule, which has been shown to be associated with exosomes and wound healing. [38] [39] [40] For the proteins with no transcriptional regulation we differentiated between proteins that were most likely intended to be secreted and those that more likely originated from varying forms of tissue leakage. In total, 144 proteins were identified with a positive secretion prediction (Figures 5a,b) , while 188 proteins had no prediction for a canonical secretion mechanism (Supplementary Figure S6) . GO analysis of the positive fraction revealed enrichments for inflammatory immune responses such as ''cellular response to molecule of bacterial origin'' and ''leukocyte activation'', whereas proteins with no prediction to be secreted showed enrichments for inflammation -independent processes such as ''RNA processing'' and ''metabolic processes''. The former fraction included several disease-relevant proteins, like the bactericidal Peptidoglycan recognition protein 3 (MALP-2, Flagellin, 16 h), the chemotactic Fibroblast growth factor receptor 1 (Flagellin and TNFa, 16 h), the wound healing involved Platelet-derived growth factor subunit B (Flagellin and TNFa, 6 and 16 h) as well as the immunomodulatory cytokine Thymic stromal lymphopoietin (Flagellin, 16 h) . Interestingly, the chemokines CCL2 and CXCL14 are described here for the first time as being secreted by airway ECs in response to IFNg.
In order to confirm that LPS induced a transcriptionally independent protein secretion, we tested three of the transcriptionally unchanged proteins (PTPN6, SH3GLB2, and SDF2) by qPCR and western blot to verify their TLR4-mediated release (Supplementary Figure S4c) .
Alarmins were not differentially secreted in response to receptor activation
Endogenous alarmins are of specific interest due to their ability to activate innate immune responses after release. We reviewed the published literature for described proteinous alarmins or DAMPs. The search revealed 48 proteinous alarmins, which are listed in (Supplementary Table 1) . By revisiting the results of our secretome analysis, we found that 24 out of the 48 recognized alarmins were present in all supernatants of airway ECs (Supplementary Figure S7) . However, the levels of these alarmins did not change significantly in response to any of the receptor stimulations, nor was a transcriptional activation profile observable in the untreated controls.
DISCUSSION
In this study, we performed a comprehensive transcriptome and secretome study to analyze the ligand-induced sensor responses of all expressed TLRs and the effector responses of TNFR1 and IFNGR on primary human airway ECs. Our results show that the transcription profiles induced by specific ligand stimulation of the receptor heterodimers TLR1/TLR2 (Pam 3 CSK 4 ), TLR2/TLR6 (MALP-2), as well as TLR3 (Poly I:C) and TLR5 (Flagellin) were largely overlapping. Regulated genes were most dominantly associated with inflammatory immune responses, but in addition, several other pathways were found to be modulated. These data are in accordance with the common understanding of TLR-induced signaling pathways converging to the same central signaling nodes, such as NF-kB, MAPK cascades and IRF circuits. 41 Among all genes differentially expressed in response to TLR stimulations, a core set of 51 uniformly regulated genes was identified. This core set includes 15 cytokines upregulated in TLRactivated bronchial epithelial cells. In addition, we detected a remarkable and, until now, not described overlap of the transcriptional signatures obtained by sensor-type responses (TLR stimulation) and effector-type responses (TNFR1 stimulation), which included the regulation of 15 cytokines. In contrast to ARTICLES MucosalImmunology | VOLUME 11 NUMBER 3 | MAY 2018 TLR1/2, TLR2/6, TLR5 and TNFR ligation, and in accordance with other studies, 42, 43 IFNGR and TLR3 stimulation induced a divergent transcriptional expression pattern that was dominated by an anti-viral immune response. The huge overlap between TNFR and TLR signaling might be attributable to the activation of the TRAF2/p38 MAPK cascade and of NF-kB by both receptor types. 44 In the airways, TNFa is mainly secreted by activated macrophages or by other recruited effector cells that are attracted after chemokine-release of TLR-activated epithelial cells. It can therefore be assumed, that one of the major functions of TNFa-induced signaling in the airways is to sustain and distribute the TLR-initiated inflammatory immune response in the pulmonary epithelium.
Interestingly, in the context of epithelial inflammatory immune responses, we found that LPS activation of TLR4 was not inducing any transcriptional response and consequently, no cytokine release in NHBE cells, despite detectable expression levels of TLR4 and its co-receptors CD14 and MD2. This is in accordance with other reports demonstrating a TLR4 unresponsiveness to LPS in bronchial ECs.
11,13, 45 Monick et al. suggested that only an additional sensitization of TLR4, e.g. by RSV infection, would lead to an epithelial cell-mediated cytokine secretion upon TLR4 ligation. LPS is usually a very potent endotoxin, and its presence in inhaled air has a high potential to induce inflammatory damage in the airway epithelium, indicating that transcriptional responses of environmental LPS-initiated TLR4 signaling in airway ECs must be tightly controlled. 11 Taken together, our transcriptome results demonstrate the importance of TLR, TNFR, and IFNGR signaling in airway ECs for orchestrating the transcriptional regulation of an inflammatory response. 6, [46] [47] [48] The receptor stimulation-induced protein release was found considerably less overlapping and a lot more ligand-specific in its response. Of all differentially secreted proteins the small fraction of cytokines showed the highest correlation with transcriptional regulation and was shared by TLR and TNFR ligation. Among the non-transcriptionally regulated proteins, we were able to identify a considerable number of exosome-associated secreted proteins. Diverse functional roles of these extracellular vesicles have been suggested in the lung, including homeostasis, cellular waste management, intercellular molecule exchange, and the regulation of immune responses. 49, 50 To date, only few studies have investigated the role of PRRs expressed on airway ECs for protein composition and release of exosomes. 29 Among the enriched annotations, we also identified wounding responses, wound healing and regulation of coagulation, suggesting an important role of epithelial cell released proteins for the restoration or maintenance of homeostasis in the airway epithelium. These biological functions were not enriched in the transcriptome analysis, suggesting that transcription-independent mechanisms are responsible for this specific EC protein secretion. A recent report about TLR4-specific protein release in the airway epithelium via exosomes supports our finding of transcription-independent protein secretion after LPS exposure. We also found a widespread but indifferent secretion of proteinous DAMPs in stimulated and unstimulated NHBE cell culture supernatants. While this confirms an unaltered cell viability after stimulation, it also suggests that DAMP release is not regulated by TLR, TNFR1, or IFNGR stimulations.
The epithelial surface of the pulmonary mucosa consists of highly differentiated, regionally distinct epithelial cell types, each playing a specialized role in normal pulmonary function and host defense. 51, 52 In this study, we selected a model of primary human airway epithelial cells cultured in submerged monolayers in order to allow for a reduction of cell types and to decrease confounding variables in transcriptome and proteome analysis. This cellular model has often been used for studying innate immune responses to pathogens and provided important insights into the immune mechanisms. 53, 54 Though, the submerged culture of confluent bronchial ECs may recapitulate an epithelium undergoing repair, associated with slightly different responses when compared to fully differentiated cells grown in air-liquid interface cultures, it provides a simple cell culture system devoid of differentiation-evoked clara cell and goblet cell formation and avoids differences in the degree of polarization. 26, 55 In order to confirm the relevance of our data, we compared the results from our study with published data on NHBE cells grown submerged or in air-liquid interface culture. We could match 163 of 183 secreted proteins identified for nonstimulated NHBE published by the human secretome atlas in our control fraction and three more after receptor ligations. 56 With regard to apically or basolaterally secreted proteins from air liquid interface cultures of primary ECs, we found 317 out of 362 proteins (87.6%) of the apical and 221 out of 241 proteins (91.7%) of the basolateral site in cell culture supernatants in our submerged culture. 57 We therefore conclude, that the polarized differentiation of confluent NHBE cells has no strong impact on the overall secretion pattern. In comparison to protein identifications in bronchial lavages from healthy patients, we were able to confirm 182 of 251 described secreted proteins, 58 indicating that our in vitro model system of primary ECs represents the major protein secretion profile of the corresponding body fluids in vivo, though, the particular contribution of clara cells and goblet cells after TLR activation should be addressed in future studies.
A possible limitation of our study is that we measured the transcriptional response at only one time-point after 4 h of receptor stimulation. However, pilot experiments allowed us to validate the biological relevance of this time-point for NHBE stimulation, matching the kinetics of the transcriptional activation observed for other cell types. 19 In conclusion, our study represents a starting point for detailed further investigations to explore the diverse receptorinduced cellular responses of airway ECs. Although very early secondary autocrine cell stimulations, as well as putative indirect stimulatory effects of the chosen receptor ligands, cannot be ruled out, our data provide a first comprehensive analysis that compares in parallel the overall responses induced by the stimulation of all expressed TLRs as well as TNFR1 and IFNGR on primary human airway ECs. The presented results of our study already indicate, that the airway epithelium exhibits a far more complex receptor-induced cellular response, which, besides transcriptional regulations, is also based on nontranscriptionally regulated protein secretion. The diversity of the receptor-induced protein secretions seems to be greater than previously estimated.
METHODS
Cell culture. Normal human bronchial epithelial cells (NHBE) were purchased from Lonza (Cologne, Germany) and were obtained from a non-smoking healthy Caucasian female (67 years) donor. All experiments were done with NHBE cells derived from a single donor, to reduce inter-individual variances in gene transcription and protein secretion. 59 To ensure signaling functionality of all receptors activated by the corresponding ligands in these cells, the transcriptomic data set was screened for putative loss-of-function polymorphisms. Cells from this donor were used to perform stimulation experiments for the transcriptome and proteome studies as well as for the confirmatory experiments. We used submerged cell culture conditions in order to decrease variances and enable a consistent comparison between all applied stimulations in three biological replicates. Cells were seeded at a density of 8 Â 10 4 per ml on collagen I coated tissue culture plates (BD BioCoat) and grown in BEBM basal medium supplemented with bovine pituitary extract (BPE), hydrocortisone, human epidermal growth factor (hEGF), epinephrine, transferrin, insulin, retinoic acid, triiodothyronine and gentamicin/amphotericin-b included in the NHBE-specific BEGM BulletKit (Lonza, Basel, Switzerland) as described previously. 60 Medium was changed every 2 days throughout the cell culture period. All cultures showed the characteristic cobblestone appearance of bronchial epithelial cells (Supplementary Figure S1d) and were used until passage 4 to 6. NHBE cells were collected when cells were covering the whole surface for 3 days. To reduce the protein complexity and abundance in the culture cell medium of NHBEs, we excluded bovine pituitary extract (BPE) supplement from the NHBE standardized culture medium during stimulation with the TLR-agonists and verified that this did not affect cell viability (Supplementary Figure S1a-d) or the secretion of interleukin-8 (CXCL8; Supplementary Figure S1e) . To rule out LBPdependency for the induction of TLR4/MD-2, signaling only rough LPS (from Streptococcus minnesota R595) was used in this study. 8 Three-day confluent cells in passage number 4 were washed twice with phosphate-buffered saline (PBS) and cultured in media omitting bovine pituitary extract for given amounts of time with added indicated agonists ( Table 1) . The following receptor ligands and concentrations were used for the stimulation of NHBE cells: synthetic triacylated lipoprotein (Pam 3 CSK 4 , 10 mg ml À 1 , InvivoGen) for TLR1/ 2 (ref. 7) , Macrophage-activating lipopeptide-2 (MALP-2, carrier free, 100 ng ml À 1 , Enzo Life Sciences) for TLR2/6, low-molecular-weight polyinosine-polycytidylic acid (Poly(I:C), 100 ng ml À 1 , InvivoGen) for TLR3, rough lipopolysaccharide (LPS) from Streptococcus minnesota strain R595 (100 ng ml À 1 , InvivoGen) for TLR4, recombinant flagellin from Salmonella typhimurium (100 ng ml À 1 , InvivoGen) for TLR5, tumour necrosis factor alpha (TNFa, carrier free, 100 ng ml À 1 , R&D Systems, Minneapolis, MA) for TNFR1 and IFNg (100 ng ml À 1 , R&D Systems) for IFNGR. LPS was also used in conjunction with 1 mg ml À 1 LBP (R&D systems) and 1 mg ml À 1 sCD14 (Sigma Aldrich, Steinheim, Germany) where indicated. We were further able to show that adding soluble CD14 and LBP did not have an influence on the LPS-dependent CXCL8 cytokine release measured by ELISA (Supplementary Figure S1e) which was therefore not applied in later assays.
Secretome preparation. In order to consistently detect low abundant immune-modulatory proteins such as cytokines in highly complex secretomes, we applied a novel approach by combining a full secretome enrichment using low cutoff spin filters in combination with a direct phase transfer based in-solution digestion to minimize protein loss and sample to sample bias. 61 ,62 10 ml medium from confluent grown NHBE cells were collected and spun down at 200 g for 5 min. The supernatant was collected and spun down again at 4500 g for 10 min. For later RNA sequencing analysis, the remaining confluently grown cells were released using 0.25 % Trypsin-0.1 % EDTA and pelleted by centrifugation at 200 g for 5 min. The pellet was lysed in 600 ml RLT buffer (Qiagen) and stored in a frozen state for later use. The supernatant was concentrated to a final volume of 50 ml using 3 kD MWCO centrifugal filtration units (Amicon Ultra, EMD Millipore, Schwalbach, Germany). An equal amount of sample corresponding to 10 mg protein was diluted into a final volume of 50 ml digestion buffer (50 mM ammonium bicarbonate, 0.5% sodium deoxycholate (SDC), 10 mM DTT and digested by addition of the protease trypsin in a 1:50 ratio for 16 h at 37 1C. The digested sample was acidified by the addition of 0.5% formic acid to precipitate SDC. Ten volumes of ethyl acetate were added to the sample and vortexed to remove SDC by phase transfer. The settled, non-aqueous upper phase was removed and the procedure repeated twice. The remaining aqueous peptide phase was dried using a vacuum centrifuge (SpeedVac, Thermo Fisher) and the peptides reconstituted into 20 ml of 0.1% formic acid and 2% acetonitrile in water.
Glycoproteome preparation. A total of 1 Â 10 7 cells were extensively washed with PBS and scraped into 100 ml of 2% SDS/PBS. After heating at 95 1C for 5 min., samples were stored at À 20 1C until further use. After thawing, lysates were centrifuged at 20,000 g for 20 min. The supernatant was subjected to buffer exchange using polyacrylamide spin desalting columns (7K MWCO, Thermo Fisher) equilibrated with 100 mM sodium acetate, pH 5.5. Samples were oxidized with 10 mM sodium periodate for 30 min. at room temperature in the dark. The sodium periodate was removed by a second buffer exchange using polyacrylamide desalting spin columns equilibrated with PBS pH 7.5. Oxidized sugar groups were immobilized on 50 ml (bead volume) Ultralink Hydrazide Gel (Thermo Fisher) overnight at room temperature. Non-glycoproteins were removed by washing the resin three times with 1% SDS/PBS, 8M Urea in 100 mM Tris/HCl pH 8.0, 1M NaCl in 100 mM Tris/HCl pH 8.0, 20% CH3CN / 10 mM Tris/HCl pH 8.0. After the second urea wash, glycoproteins were reduced by the addition of 100 mM DTT in 8 M Urea Tris/HCl pH 8.0 (60 min, room temperature). After a brief wash, cysteins were alkylated with 50 mM iodoacetamide in 8 M Urea 100 mM Tris/HCl pH 8.0 (30 min, room temperature in the dark). After washing, the resin was equilibrated with 50 mM NH4HCO3 and re-suspended in 30 ml 50 mM NH4HCO3 containing trypsin in a ratio of 1:100 (sequencing grade, Thermo Fisher) and digested on resin overnight at 37 1C. The next day, trypsinreleased peptides (GlycoProt fraction) were collected and dried in a centrifugal evaporator (SpeedVac, Thermo Scientific). The resin was again extensively washed (procedure as in the beginning) and resuspended in 50 mM NH4HCO3 containing 0.5 U PNGaseF per sample. After enzymatic release of N-glycopeptides (37 1C, overnight), the deglycosylated peptides (GlycoPep fraction) released were collected and dried in a centrifugal evaporator (SpeedVac, Thermo Scientific, Idstein, Germany).
Secretome analysis by mass spectrometry. Each digested peptide sample of each biological replicate was analyzed three times by an UHPLC (RSLC, Thermo Scientific) coupled Orbitrap Velos Pro LC-MS/MS system (Thermo Scientific). Two micrograms of peptides were applied onto a C18 reverse-phase PepMap 50 cm fused silica capillary column (75 mm ID) and separated using a 300 min, non-linear gradient from 3 to 95% acetonitrile/0.1% formic acid at 300 nl min À 1 . Eluting peptides were analyzed using automated data-dependent acquisition in which each MS scan (250-1600 m/z) was acquired at a resolution of 60 000 FWHM and followed by a maximum of 20 MS/MS scans at a resolution of 7,500 FWHM using HCD (normalized collision energy of 30). The maximum allowed ion injection time was set to 500 ms for MS and MS/MS scans. The automatic gain control (AGC) target values were set to 1 Â 10 6 counts for MS and 5 Â 10 4 for MS/MS scans. A dynamic MS2 mass exclusion time window of 60 s was set including a maximum of 500 proteins in a 10 ppm maximum delta mass window.
Glycoproteome analysis using mass spectrometry. Tryptic and deglycosylated peptides were analyzed with an UHPLC (RSLC, Thermo Scientific) coupled Orbitrap Fusion LC-MS/MS system (Thermo Scientific) in triplicate runs. Full MS scans were acquired with a resolution of 120,000 FWHM in the Orbitrap analyser (m/z range 400-1,600, quadrupole isolation) during a 140 min, non-linear gradient from 2 to 95% acetonitrile / 0.1% formic acid. MS1 precursors were fragmented by higher energy collisional dissociation (HCD, 30% collision energy) and fragment ion spectra were acquired in the order highest to least charge and least to highest intensity during a 4 second maximum cycle time in the ion trap in rapid mode. The following conditions were used: spray voltage of 2.0 kV, heated capillary temperature of 275 1C, S-lens RF level of 60%, maximum AGC value of 5 Â 10 5 counts for MS1 with a maximum ion accumulation time of 50 ms and a maximum AGC value of 5 Â 10 4 counts for MS2 with a maximum ion accumulation time of 35 ms. A dynamic MS2 mass exclusion time window of 30 s was set with a 10 ppm maximum mass window.
Protein identification and quantification. Secretome raw data was processed utilising Proteome Discoverer v1.4.0.280 software (Thermo Scientific) using a target FDR of 0.01 on peptide level and default parameters if not indicated otherwise. The human UniProt database Table 1 Sequence of forward and reverse primers of indicated target genes and the size of each PCR product. (Top3 method) . 63 All resulting data were imported as a single multi-consensus report into Proteome Discoverer and exported as CSV data for further analysis in R. Unless otherwise stated, all follow-up data analysis was carried out using R version 3.1.1 and R packages (R Core Team 2014). For peptide to protein inference, abundances of peptides that were only quantified in one sample and were the only peptides quantified in that particular sample for a particular protein group were set to zero. Protein abundances for each sample were calculated as mean of the three highest abundances for all remaining peptide abundances for each sample and each protein group. To reduce effects of false negatives due to inherent undersampling by mass spectrometry, we implemented additional stringency by testing significance against two additional control samples (all in triplicates). Due to the limited sensitivity of mass spectrometry and algorithms used in peptide identification, data-dependent analysis produces zero entries if peptides fall below a varying detection limit. In our study, rather than imputing missing values, a strategy was chosen that included the measurements of all other replicates of a particular stimulation as well. Zeros were considered false negative if at least one of the other replicates showed a protein abundance different from zero. These zeros were set to ''not assigned'' (NA) for further analysis. If, on the other hand, all replicates of a particular stimulation were zero, one abundance was set to the detection limit after normalization and all others were set to NA. Overall, this strategy avoids sample replicates that show artificially low or high variances by reducing or even deleting information about sample variance and, therefore, with respect to statistical testing, relies on a linear modelling approach that borrows information from other samples. Remaining zeros and NAs were not included in the subsequent normalization step. Log2 transformed data was normalized using the ''normalizeBetweenArrays'' function of the R package ''limma'' version 3.20.7 with method ''quantile''. After normalization, all remaining original zeros were set to the lowest value of the normalized data set. A linear model was used to assess differential protein secretion. The model was set up using ''limma'' and fitted to the contrasts between all stimulations and the unstimulated controls for each time point. Moderated t-statistics were calculated using functions ''treat'' and ''topTreat'' of ''limma''. P-values were adjusted according to the method of Benjamini and Hochberg. Adjusted P-values below 0.05 were considered significant. Tests were performed against the null hypothesis that the absolute value of log2 fold change is smaller or equal to one. Additional filters were applied to avoid false positive or negative significant protein contrasts. First, significant contrasts only induced by filtering out of solitary peptides in the peptide to protein inference step were not considered significant. Second, some proteins are difficult to detect by tandem MS and abundances are quantified only occasionally by chance. To avoid false positives and negatives due to this effect, only contrasts that were based on proteins which were at least quantified in two biological replicates for at least one biological sample were considered significant. mRNA preparation. Equal amounts of RLT buffer lysed NHBE cells (B5 Â 10 6 cells) were further processed using the RNAeasy RNA isolation kit following the manufacturer's instructions (Qiagen). cDNA libraries were generated and sequenced in paired-end mode (2 Â 100 bp) on a HighSeq 2000 by Eurofins Genomics, Ebersberg, Germany. The raw files were processed by Eurofins by applying RTA 1.17.21.3 and bcl2fastq-1.8.4 to generate the fastq-files of all sequenced short reads for each of the 33 samples. All results were obtained from biological triplicates with a mean sequencing depth of 21,7 million reads per sample. The raw sequence data were stored in the Sequence Read Archive at the National Center for Biotechnology Information (NCBI) under accession number: SRP057579.
Exosome quantification. Supernatants were collected after 16 h of stimulation and centrifuged at 400 g for 20 min to remove cells and larger cell debris. The cleared supernatant was sequentially centrifuged at 16 000 g for 20 min to remove any remaining cell debris. The amounts of exosomes were quantified by ELISA using the ExoQuant Overall Exosome Capture and Quantification Assay Kit (BioVision) according to the manufacturer's instructions.
RNA sequencing data analysis. Sequence quality of each fastq-file was assessed using fastqc (version 0.11.1). All remaining TruSeq adapters were trimmed using cutadapt (version 1.4). The trimmed short reads for each sample were aligned onto the human genome (hg19) by applying the STAR 2.3.0 aligner using default parameter settings. Subsequently, the resulting sam-files were converted to bamfiles using SAMtools view -bS (version 0.1.19) and the total counts of short reads for each gene of hg19 for each sample, were obtained by applying featureCounts, which is part of subread-1.4.5. To allocate the gene information needed by featureCounts, the hg19-gtf-file was downloaded from Illumina iGenomes (UCSC archive: 2014-06-02-13-47-56). The tables of total counts of short reads for each sample were imported into R (version 3.1.1). DESeq2 (DESeq2 release 1.6.3, Bioconductor version 2. 14) 64 was used to analyze the differential gene expression of the treated samples vs. the untreated samples, referred to as control, with the contrast-option as well as cooks Cutoff-filtering set FALSE, independent filtering set TRUE, log2FoldChange (log2FC) threshold set to 1, and an adjusted P-value cutoff of 0.05. Additionally, all treatment-specific samples were analyzed with regard to their differential expression vs. all other treated samples applying DESeq2 again with the same parameter settings as mentioned above. Then, by intersection of all differentially expressed genes (DEGs) per sample vs. their control and vs. all other treated samples, the DEGs that were specifically up-and downregulated in only one treatment-specific setting were identified for each treatment.
Identification and comparison of specific responses. Genes or proteins were considered specific for a particular stimulation or combination of stimulations, when tests against controls, as well as against all other remaining stimulations, were significant. A transcript and its corresponding protein product were considered to show a correlation between the transcriptional and the secretory response when at least for one stimulation the transcriptome and the secretome at any of the two time points showed a significant fold change in the same direction.
Gene ontology classification. Version 3.0.0 of the R package ''org.Hs.eg.db'' was used for all GO classifications (version 24.09.2014). The human proteome as defined by the UniProt database (version 05.2013) was used as reference for annotation enrichments.
Visualization of results. Heat maps were hierarchically clustered in one or two dimensions, as appropriate, using Ward's minimum variance method implemented in the R function ''hclust'' with method ''ward.D2'' . 65 All fold changes-significant and non-significant-were used for clustering. Significant fold changes are shown in colour and non-significant fold changes in different shades of grey. Error bars of bar plots show s.d.
Pathway enrichment. Enriched pathways were identified with KOBAS 2.0 (KEGG Orthology Based Annotation System) software using all significantly up-and downregulated genes compared to control. The genes were annotated including pathways from the databases PID, BioCarta (from PID), Reactome and PANTHER (Protein Analysis THrough Evolutionary Relationships). The statistical enrichment significance was tested using Fisher's exact test (one-sided) and visualized by R. The human UniProt protein database was used as background (version July 2014) and the final list filtered against annotated diseases.
Cytokine concentration determination by ELISA. Cytokine assays were performed using ProcartaPlex multiplex immunoassays (eBioscience) according to the manufacturer's instructions. Briefly, NHBE cells were incubated with the respective agonists in media omitting bovine pituitary extract for 16h. The collected supernatants were incubated with magnetic antibody beads in duplicates in a ninetysix-well plate overnight at 4 1C. Next, 25 ml of detection antibody were added to each well and incubated for 30 min. Streptavidin/Phycoerythrin solution was added to each well (50 ml per well) and incubated for a further 30 min incubation period. All mandatory washing steps were repeated three times. After addition of 120 ml reading buffer, the plate was read by a Bio-Plex 200 analyser (Bio-Rad, Hercules, CA, USA). The cytokine concentrations were extrapolated from standard curves using Bio-Plex 5.0 software (Bio-Rad). IL-8 cytokine secretion was also quantified using a human IL-8 ELISA detection set (BD Biosciences, Heidelberg, Germany) according to the manufacturer's protocols. Measurements were made as triplicates in a microplate reader (Tecan).
Gene expression analysis by qPCR. Complementary DNA (cDNA) was synthesized from 2 mg of RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and following manufacturer's instructions. For PCR analysis, specific primers for each target gene were designed using the online primer-BLAST tool of the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/ tools/primer-blast). The sequences of all primers used for amplification are listed in Table 1 . PCR of the cDNA was performed on a S1000 Thermal Cycler (Bio-Rad, Watford, UK) in a 25 ml reaction volume containing 0.2 mM primers, 1 U Taq DNA polymerase (5-Prime, Hamburg, Germany) and 200 mM dNTPs. Thermal conditions included an initial 95 1C denaturation step for 3 min and then 35 cycles of 10 s at 94 1C, 30 s at 60 1C and 30 s at 72 1C. The resulting PCR products were separated by gel electrophoresis, stained with ethidium bromide and visualized under a UVtrans-illuminator. Quantification of the relative expression of each target gene was carried out by qPCR on a Corbett Rotor-Gene 6000 (Qiagen, Hilden, Germany). Each sample was analyzed in duplicate in a total reaction volume of 20 ml containing 10 ml of 2 Â SensiMix SYBR Master Mix (Bioline, London, UK) and 0.2 mM of each primer. Reactions were set up using a CAS-1200 pipetting robot (Qiagen, Germany). The cycling conditions were 95 1C for 10 min followed by 40 cycles of 95 1C for 15 s, 60 1C for 20 s and 72 1C for 20 s. An RT-negative sample was included as control. Specificity of the qPCRs was assessed by melting curve analysis and size verification by electrophoresis. The relative expression of the target genes was calculated using the Pfaffl method, 66 normalized to the expression of the two housekeeping genes HPRT1 and PPIB.
Western blot. Supernatants from secretome preparations were boiled for 5 min. in SDS-PAGE load buffer (1% LDS, 10% glycerol, 10 mM Tris/HCl pH 7.6, 1 mM, DTT, 0,01% Coomassie G250). 5 mg of each sample was separated on 8-16% SDS-PAGE gels (Precise, Thermo Scientific). Following electrophoresis, gels were blotted onto nitrocellulose membranes (Millipore) and blocked with blocking buffer (5% dried milk powder in TBS) for 1 h. The blots were incubated with anti-PTPN6 (HPA001466, Sigma Aldrich), anti-SH3GLB2 (SAB1400646, Sigma Aldrich), anti-SDF2 (AV48718, Sigma Aldrich), anti-pan 14-3-3 (sc-1657, Santa Cruz) or anti-MD-2 (SAB1410439, Sigma Aldrich) diluted 1:500 in blocking buffer overnight. After washing with TBS-T (0.05 % Tween-20 in TBS), the membranes were incubated for 1 h with respective peroxidase-conjugated secondary antibodies. The blots were washed four times in TBS-T between antibody incubations and all antibodies were diluted in TBS-T containing 5% skimmed milk. Membranes were developed using ECL (Thermo Scientific).
Flow cytometry. Single cell suspensions of NHBE cells were fixed for 10 min. with a solution of 4% formaldehyde in PBS. Cells were blocked for 30 min. in 1% BSA in PBS and then stained using anti-E-cadherin (NBP2-16258, Novus Biologicals, Cambridge, UK), anti-CC10 antibody (T-18, Santa Cruz Biotechnology, Heidelberg, Germany) and anti-Vimentin (550513, BD). After 3 washing steps using 1% FCS in PBS, the cells were stained using respective APC (Santa Cruz Biotechnology) and PE (eBioscience, Frankfurt, Germany) conjugated antibodies. Controls were stained using secondary antibodies alone. For cell viability analyses, single-cell suspensions of NHBE cells were prepared and incubated as described by the manufacturer's instructions using an Annexin V-FITC apoptosis detection Kit (eBioscience). Stained cells were analyzed on a FACS Aria 2 instrument (BD Biosciences) using FACSDiva software (BD Biosciences).
LDH cytotoxicity assay. Activity of LDH in the medium was determined using a commercially available kit from Roche. Aliquots of supernatant media and reagent were mixed in a ninety-six-well plate and absorbance was recorded using a microplate spectrophotometer system (Infinite 200 Pro, Tecan, Männedorf, Switzerland). Results were analyzed using supplied Magellan software (version 6.6 Tecan). 
